Abstract -This paper describes analysis of journal bearings lubricated with fe rrotluid, which are very suitable for high speed machines. Comparing to conventional lubricants, the coupling of hydrodynamic, thermal and magnetic properties of fe rrotluid adds to the complexity in analysis. Modified Reynolds equation and energy equation are derived and solved numerically using finite volume method. Pressure distribution is got which takes temperature effe ct into consideration. Static characteristics are then discussed. One optimal scheme is also got according to anal ysis results.
I. INTRODUCTION
Bearing is an essential component for rotating machines. Bearing problem has become one of the bottlenecks for high speed machines (r2: 1 OOOOr/min). According to NPRD (Non electronic Parts Reliability Data), main reasons for motor fail ure are brush failure (32%), lubricating failure (3 1 %), open/short circuit (14%), commutator failure (12%) and rotor open/short circuit (11 %). Obviously, lubricating problem takes up over 113. Nowadays motor rotates fa ster and faster, the problem will be even worse. Among all the bearing problems, abrasion occupies about 73%. Rolling bearings are widely used today because of low fr iction and cost. But if it comes to heavy load and high speed, there will be series of problems such as larger scale, more noise and vibration, shorter life span and over sensitive to foreign matter. However, sliding bear ings lubricated by ferrofluid can solve these problems perfect ly.
Ferrofluid is a kind of colloidal liquid consisting of nano scale ferromagnetic particles suspended in carrier fluid (Fig. 1 ) . The particles are coated by surfactant, Van der Waals force of which helps to prevent clumping [1] . Like other ferromagnetic materials, ferrofluids will be strongly magnetized in the pres ence of external magnetic field. When the external field is cancelled, magnetization disappears. Ferrofluids also have characteristics of any other fluids [2] . According to above fe a tures, ferrofluids can be used in varies areas for different pur poses such as sealing, lubricating and heat transfer [3] . Fer rofluid bearing (Fig.2) , or hydro-magnetic bearing, which re places traditional lubricant with ferrofluid, was developed in 1960s in order to coordinate with nuclear device. Lubricating with ferrofluid has several advantages [4] : better lubricating characteristic, less leakage, controllable viscosity, etc.
Lots of work has been done about ferrofluid since 1940s when it was first invented. Tipei N. has derived a pressure differential equation which is equivalent Reynolds equation and further studied several characteristics about ferrofluid bearing in [5] . From which he concludes that ferromagnetic lubricants may improve the performance of bearings under low loads and at low speed. He assumed an axial parabolic magnetic field distribution, which is also used by H. S. Chang in [6] . T. A. Osman derived modified Reynolds equation and use fm ite differential method solving it numerically to study the static characteristics of magnetized journal bearings [7] . He also uses dynamic coefficients as input data to study the stability of the rotor bearing system. All of them neglect ther mal influence. H. Yang uses commercial FEM (fmite element method) software (ANSYS) to simulate the characteristics of ferrofluid bearing in 2D [8] . S. Jin extends the conclusion into 3D and explores the effect of eccentricity. However, the model used is somehow coarse and a lot of factors are out of consid eration [9] . In this paper, we fo llow T. A. Osman's study but introduce thermal analysis into solving process. Finite volume method is also used instead ofFDM.
II. THEORETICAL ANAL YSIS

A. 2D Modified Reynolds Equation
The cross section of bearing is as Fig.3 . Eccentricity and break of the film are considered in this model. The shaft is rotating counterclockwise at angular velocity (0. Angle counterclockwise from thickest point is denoted by 'P and clockwise from the thinnest point is 8. Film thickness is h and in non-dimension form it can be expressed as:
Osman's study, we can derive modified Reyn olds equation for ferrofluid film. Coordinate system here is defmed as below: x, y and z represent the circumferential, radical and axial direction of the bearing, respectively. In ex istence of external magnetic field, induced magnetic force in unit volume can be expressed as:
Because of the low conductivity of carrier fluid, ferrofluid can be trusted as non-conductor, thus no axial current exists and the curl term of magnetic intensity can be omitted. Finally, magnetic force is:
From basic Navier-Stokes equation, considering magnetic force as a body force, the motion equation for ferrofluid film can be derived:
Film thickness is small enough that it's reasonable to as sume there's no variation of pressure in radical direction, that is to say, p is not a function of y. Integrating (2-2) twice with
pressions for circumferential and axial velocity are:
ill Z (y -y h ) (2) (3) (4) (5) In this paper, magnetic field distribution is assumed to be axial parabolic [3] . Magnetic components are got: 
The fm al equation is:
Boundary condition is needed to guarantee unique solution [10] . Reynolds B.C. is most used which thinks that film is not continuous and breaks at angle <pI. Under Reynolds condition, pressure of cave region is forced to be zero. It can be de scribed as:
B. Energy Equation
Osman has studied characteristics of ferrofuid lubricant without regard to temperature variation. As a result, viscosity of ferrofluids is not exact. Since fluid viscosity influences the load carrying capacity notably, thermal analysis is taken into consideration by solving energy equation. From energy con servation law, equation is obtained:
From left to right, the three terms are respectively con vection, conduction and internal energy source terms. For 2D problem, convection term can be expressed as:
For static analysis, the first term above is equal to zero. Parameter r in conduction term here represents heat con ductivity coefficient k. In 2D analysis, conduction term is:
Since the radical velocity gradient is much greater than ones of the other two directions, the internal energy term S can be approximately expressed as:
Combining convection and conduction terms into total heat flux terms, that is Jx and Jy , simplified energy equations are:
aJ,
Similarly, boundary condition is necessary to keep solution unique. In this study, two B.C. should be taken into considera tion. Firstly, bearing ends are assumed heat insulation. Reason for this is that heat conduction effect of ferrofluid is very small. Secondly, the starting point where lubricant comes into clear ance is set a fixed temperature of 300K. Both assumptions above agree with real working condition.
C. Discretization Equations
Modified Reynolds equation and energy equation need to be solving simultaneously in order to get static characteristics of ferrofluid bearing, which is too complicated by hand. Numeri cal method is a good way to solve difficult part difference equation. There are several different methods to choose, such as fm ite differential method, fm ite element method, boundary element method, etc. Both two fundamental equations de scribed above have many variables. In this case, fm ite volume method (FVM) is preferred. By meshing solving area into small volumes and investigating each volume, solution of the whole area is obtained. In this sight, the essential idea of FVM is similar to other numerical method, but FVM has its own characteristics and advantages. It can be regarded as a medial between FDM and FEM. FDM only cares about node solution without appointing interpolating function between nodes, which is needed in FEM. Interpolating function is also neces sary in FVM, but it will be only used to get discrete form of differential equation, which means it is useless once difference equation is obtained.
Control volume integrating is the main approach to get dif ference equation in FVM. Firstly, mesh solving area into small volumes. One volume is as Fig 4. Then interpolating function should be defmed.
Fig.4 Finite volume unite
For convenience, stepwise distribution is used here. By in tegrating (2-10) and (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) 
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Where coefficients (a) are:
Similarly, difference energy equation can be obtained in the form like:
(2-18) Ifhandled exactly the same as modified Reynolds equation, coefficients (fJ) might be negative when convection is larger than conduction, which means a p < l]an b l. It fails to satisfy the Scarborough criterion and will cause divergence. So this method can only be applied under low Reynolds number. To expend this limit, upwind scheme is used. In this way, coeffi cients can be expressed as:
Where:
By now, we've derived discrete form of modified Reynolds equation and energy equation note that upwind scheme is used when deriving energy equation. Because velocity used above is on the nodes. Staggered grid is used to keep solution stable.
Successive Over-Relaxation (SOR) iterative method is used rather than Gauss-Seidel method to accelerate convergence. It's a common iterative method which is widely used in nu merical analysis. Take pressure for example, SOR method can be described as fo llow:
Where (J is iterative factor, Gauss-Seidel can be regarded as a special case if the factor is zero, Range for (J in SOR is l< cr <2,
D, Coupling Analysis
Next problem is how to combine the two discretion equa tion to realize coupling analysis, The main effect of tempera ture and pressure is change in fluid viscosity, Like other liquid, Ferrofluid viscosity rises with increasing pressure and decreas ing temperature, There are many researchers who study the law of the change in liquid viscosity, including Reynolds vis-cosity-temperature equation, Andrade-Erying viscosity temperature equation and Vogel viscosity-temperature equa tion. Among these, Reynolds is the most convenient while V ogel is the most accurate.
In this paper, Reynolds viscosity-temperature equation is used:
Knowing the changing rules of viscosity with pressure and temperature, a bridge can be built between hydrodynamic analysis and thermal analysis.
E. Static characteristics
If pressure distribution is obtained, it's easy to get the load carrying capacity of the film by:
Where Wz and W<j) are axial and circumferential component of dimensionless carrying capacity, respectively. W is the total carrying capacity of ferrofluid film. To get the actual value, the basic value should be defined:
III. RESULTS AND ANAL YSIS
Based on theories described above and using MA TLAB to realize, the pressure distribution of lubricant film for ferrofluid bearing is as Fig.5 , from which we can see peak value locates between 1[/2 and 1[. In cave region, pressure equals zero. By changing magnetic factor a, different distribution of pressure are obtained in Fig.6 . As magnetic effect increased, full lubricating region extends, which means shrinking of cave region and improving in lubricating characteristics. Under condition that bearing clearance is 0.002m, rotating speed is 6000r/min (62S.3radls) and eccentricity is 0.9, tem perature distribution of the film is as Fig.7 . The max tempera ture rise is about 7K, which is quite small. However, since viscosity varies remarkably with temperature, this effe ct is worth consideration. From Fig.S , the minimum of viscosity reaches 0.S5 relative to origin value, i.e. 15% drop. As a result of viscosity drop, pressure decreases accordingly. The results fit well with our theoretical analysis. When considering high speed and heavy load, temperature and pressure to fluid vis cosity can't be ignored, increase in temperature causes de crease in viscosity. In contract, pressure rise brings viscosity drop. The former effect is dominant. By now we have a gen eral concept about pressure distribution and its influence fac tors of ferrofluid bearing.
From data above we can further get a series of static charac teristics such as load carrying capacity which can be obtained from (6-1) � (6-2). In Fig.9 , we get load capacity under differ ent magnetic intensity. Viscosity has logarithmic relationship with magnetic intensity and approximately proportion to gen eral load capacity. Temperature rise caused by increasing vis cosity weakens the rise in viscosity. On the other hand, mag netic field also applied additional force to increase load capac ity. Assuming magnetic intensity H ranges from 1000 to 50000A/m, Fig.9 is obtained. Under different magnetic inten sity with fixed eccentricity 0.9, load carrying capacity rises from 4 to 13kN. Obviously, load carrying capacity is control lable by changing magnetic parameter. Exact corresponding relationship between magnetic parameter and load carrying capacity can be recorded through experiments, thus it's very convenient in practical applications. Comparing calculated value and fitted curve, a small difference is because tempera ture rise decreases the viscosity which is mentioned above. The stronger the magnetic field is, the smaller the difference will become. In general, load carrying capacity is increased. Clearance h o is another important parameter that affects bearing performance. By changing clearance fr om O.OO lm to 0.003m with step 0.0005m, a set of temperature and pressure curves of median section of bearing are obtained in Fig. 10 . It can be seen that clearance dimension has close relationship with temperature and pressure value. The smaller h o is, the more severely temperature varies and the higher max tempera ture is, which causes more decrease in fluid viscosity. From (2-6), fluid pressure is in proportion with the square of lI h o. Rated rotating speed is another concern to design the bear ing. Increasing speed means larger Reynolds Number (Re), which shall change the main flow state from laminar flow to turbulent flow. Re can be calculated by:
When Re exceeds 10000, fluid will be almost totally turbu lence. Since model used in this paper is based on laminar flow, Re is limited below 2300r/min, i.e. rotating speed below 989.3rad/s (9500r/min). Despite real fluid viscosity probably larger than what is used in this paper which makes Re less than 2300 even at higher speed, here speed is still set below 9500r/min and this speed is already belong to the high speed category. Changing speed from 3000r/min to 9000r/min, with step 500r/min, Fig. ll shows the influence of speed to tem perature rise. From figure, temperature rise is nearly direct proportion to rotating speed (0. It is mainly because in energy equation (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) , fluid velocity is proportion to rotating speed (0, while the source term S is proportion to square of (0, phe nomena discussed above is the combination of these two ef fe cts. Fig. 12 compares relationship between load carrying capacity and rotating speed, which shows that under relatively larger clearance, the relationship is almost linear, while it will distort when clearance becomes smaller because of thermal effect.
One thing that we do care about is the difference between ferro fluid and conventional lubricant and whether the former has advantages. Fig.l3 compares them and the result shows that under same eccentricity, temperature rise in ferrofluid bearing is larger. However, when investigating temperature rise under same load carrying capacity, ferrofluid bearing wins (Fig. 14) . It means bearings lubricating with ferrofluid can carry heavier load at certain temperature requirement. Load carrying capacity is a significant performance index to conventional bearing, so is to ferrofluid bearing. Besides, since ferromagnetic property of ferrofluid, magnetic character istic is also important to the new kind of bearing talked in this paper. As mentioned in chapters above, the two decisive pa rameters for magnetic bearing can be expressed by:
Where W o is the base value of load capacity and a is mag netic parameter indicating the intensity of external magnetic field.
In terms of increasing load carrying capacity, traditional ap proach is to extend bearing size and narrow the clearance. Though decrease in clearance can cause rising temperature, but it is ignorable, relatively. This method is also suitable for ferrofluid bearing. In order to make full use of magnetic field, the clearance, however, should be larger with smaller bearing length. It contradicts to the method increasing load capacity. As a result, a compromise should be made according to actual application. If the bearing is going to be used in traction motor on high speed train, the dimension shall be with length 1=0.09m, radius where film locates r=0.08m and bearing clearance ho=0.002m.
V. CONCLUSION
Ferrofluid bearing has better load carrying capacity compar ing to conventional one thanks to the additional magnetic ef fe ct. By controlling the magnetic parameter, which further changing the lubricant viscosity, this capacity can even be modified to fit different occasions. Through solving modified Reynolds Equation and Energy Equation simultaneously using numerical method, i.e. [m ite volume method in this paper, several results are obtained which can be concluded as below:
1. Pressure varies within lubricating area and the peak value locates between 1[/2 and 1[. As magnetic effe ct increased, full-lubricating region extends, which means shrinking of cave region and improving in lubricating characteristics.
2. Ferrofluid bearings have lower working temperature than conventional lubricated bearings of the same load carry ing capacity. In ferrofluid bearings, temperature variation in lubricating area is small. However, since viscosity is sensitive to temperature and changes obviously, thermal effect can't be simply omitted. This paper can be regarded as an extension on the base of Osman's work. Temperature variation, which he omitted, is an important factor to take into consideration since it will bring vibration in fluid viscosity up to approx. 15%. By coupling thermal and hydrodynamic effect, a more reasonable result is obtained as discussed above. Analysis based on tem perature distribution is meaningful.
3. Magnetic effect helps to increase load carrying capaci ty. As magnetic field becomes stronger, load carrying capacity increases. 4 . Bearing dimension has impact on its properties. When bearing clearance becomes larger, temperature and pressure both deceases.
In this study, radical heat transmission isn't considered. An other influence which is caused by eddy current during rotat ing when metal shaft cuts magnetic flux is not considered, either. This work has been studied by H. Yang and S. Jin. Commercial software such as ANSYS and FLUENT may be helpful when doing the job. Considering special characteristics of ferrofluid, theoretical derivation and free hand work will still be necessary.
